We conducted a phase II, noncomparative, multicenter study to assess the efficacy and safety of allogeneic bone marrow-derived mesenchymal stromal cells (BM-MSCs) expanded in vitro for patients with aplastic anemia (AA) refractory to immunosuppressive therapy. Seventy-four patients from seven centers received allogeneic BM-MSCs at a dose of 1-2 3 10 6 cells/kg per week for 4 weeks. Responses were assessed at 0.5, 1, 2, 3, 6, 9, and 12 months after the first cells infusion. Patients with response at 1 month continued to receive four infusions. All patients were evaluable. The overall response rate was 28.4% (95% confidence interval, 19%-40%), with 6.8% complete response and 21.6% partial response. The median times to response of leukocytic, erythrocytic, and megakaryocytic linages were 19 (range, 11-29), 17 (range, 12-25), and 31 (range, 26-84) days, respectively. After median follow-up of 17 months, overall survival was 87.8%. Seven patients developed transitory and mild headache and fever, but no other adverse events were observed. Antithymocyte globulin used in previous treatment and no activated infection throughout treatment were predictors for response. Allogeneic BM-MSCs infusion is a feasible and effective treatment option for refractory AA. The trial was registered at www.clinicaltrials.gov as NCT00195624. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:1569-1575 
INTRODUCTION
Aplastic anemia (AA) is a bone marrow failure syndrome characterized by marrow hypoplasia and exhaustion of hematopoietic precursors, resulting in pancytopenia. Immune-mediated pathophysiology of destruction of hematopoietic precursors was confirmed by laboratory studies and immunosuppressive therapy (IST) [1] . IST is accepted as the first-line treatment option. However, 30%-40% of patients with severe aplastic anemia (SAA) remain pancytopenic following IST. About 20% of patients with non-severe aplastic anemia (NSAA) are dependent on transfusion and eventually transform to SAA [2] . Most studies have shown that the response rate of SAA to rabbit antithymocyte globulin (ATG) was inferior to that of horse ATG [3] . Patients with SAA that is refractory to IST or who have a relapse after IST may undergo allogeneic hematopoietic stem cell transplantation (HSCT). However, about one third of patients do not find a suitable donor for HSCT. Patients aged >50 years are not eligible for transplant. Following HSCT, complications such as graft-versus-host disease (GVHD) and graft failure may occur. The 5-year overall survival (OS) of patients with AA that is refractory to IST is <60% [4] .
Bone marrow-derived mesenchymal stromal cells (BM-MSCs), as important stromal components of bone marrow, can support hematopoiesis and are multipotent stem cells with the capacity to differentiate into osteoblasts, chondrocytes, adipocytes, and neural cells [5] . BMMSCs express low levels of major histocompatibility (MHC)-I but lack expression of MHC-II surface molecules; therefore, allogeneic BM-MSCs infusion may have an effect on patients through immune evasion. MSCs also express serine protease inhibitors to evade the host immune response [6, 7] . BM-MSCs exert immunomodulatory effects on activated lymphoid cells, including T cells, B cells, natural killer cells, and dendritic cells [8] . Le Blanc et al. [9] first reported infusion of haploidentical BM-MSCs in a 9-year-old boy with grade 4 acute GVHD of the gastrointestinal tract and liver. Now BM-MSCs have been successfully used for several refractory immune diseases. BM-MSC also support hematopoiesis. Nestin 1 BM-MSCs are spatially associated with hemopoietic stem cells (HSCs) and adrenergic nerve fibers and highly express HSC maintenance genes [10] .
Several studies have shown that AA BM-MSCs have poor potential for proliferation and differentiation, changes in gene expression, and reduced ability to support hematopoiesis in vitro [11, 12] . In 2003, Fouillard et al. [13] reported a 68-year-old woman patient with SAA refractory to ATG and cyclosporine who was ineligible for allogeneic HSCT and received two infusions of allogeneic MSCs (allo-MSCs). The bone marrow stroma of the patient improved, but improved hematopoiesis was not observed. In 2010, Jaganathan et al. [14] reported a patient with SAA who received allogeneic HSCT three times and had graft failure each time, although, eventually, the patient had complete hematopoietic recovery after the fourth HSCT with donor-derived MSCs co-injection. In our previous study, we evaluated the feasibility, safety, and immunological effects of the intravenous administration of MSCs from a related donor in 18 patients with refractory AA. Our data showed that 33.3% of patients with AA who were refractory to IST achieved complete response (CR) or partial response (PR) to BMMSCs treatment [15] . On the basis of our previous data, we further conducted a phase II, noncomparative, open-label, multicenter study to assess the efficacy and safety of allogeneic BM-MSCs expanded in vitro in patients with AA that was refractory to IST.
MATERIALS AND METHODS

Study Design
This was a phase II, noncomparative, open-label, multicenter study (ClinicalTrials.gov Identifier: NCT00195624). The primary objective was to evaluate the overall response rate (ORR), including CR and PR, after BM-MSCs infusion. Secondary objectives were as follows: time to response (TTR), safety, OS, and the relationship between clinical outcome and baseline prognostic markers. The trial was conducted at seven centers in China and was approved by the ethics committee of each institution. All patients provided written informed consent. 
Patient Group
In the trial, we included patients with AA refractory to IST in need of treatment according to current criteria [16] identified according to the criteria of International Society for Cellular Therapy, which defines human MSCs as plastic adherent cells expressing CD105, CD90, and CD73 but that lack the expression of CD45, CD34, CD14 or CD11b, CD79a or CD19, and human leukocyte antigen-D related surface antigen [18] .
Study Treatment
Baseline assessments included a physical examination, blood sampling for hematology, biochemistry, and immunology, bone marrow examination, and cytogenetic analysis. Allogeneic BM-MSCs were expanded in vitro at a dose of 1-2 3 10 6 /kg per week, for a total of 4 weeks. Patients with a response at 1 month continued to receive four doses. Continuation of cyclosporine was permitted, but other immunosuppressive agents were not permitted. Supportive care included antibiotics and blood transfusions but not hematopoietic growth factors.
Efficacy Evaluation
Blood counts, chemistries, and immunology were monitored weekly in the first 3 months after the first MSCs infusion and then every 3 months. Bone marrow examination and cytogenetic analysis were done at study entry and repeated at 3, 6, and 12 months after the first MSCs infusion.
The primary endpoint was hematologic response at 1 year according to previously reported criteria. CR was defined as the return of all blood counts to normal. PR was defined as improvement so that the patient no longer belonged to the severe status group and no longer required transfusions [19] . Secondary endpoints were the TTR, the OS, and clonal evolution at 2 years after the first MSCs infusion.
Safety Evaluation
Adverse events were monitored and graded according to the NCI Common Terminology Criteria for Adverse Events version 3.0.
Statistical Analyses
Summary statistics were used to describe the demographic and baseline clinical characteristics of the patients' treatment responses. The primary endpoint was the ORR. On the basis of a historical ORR rate of 33% with MSCs in refractory AA [15] , the desirable ORR rate was 35%. The study had 80% power, with a 5% type I error rate. Log-rank tests were conducted to identify hematopoietic and immunological changes in different time points. Kaplan-Meier product-limit method was used to estimate OS curves, and Fish test was used to compare OS between responders and non-responders. Multivariate logistic regression model was used to evaluate the effects of risk factors on the probabilities of response. All tests were two-sided, accepting p < .05 as indicating a statistically significant difference. Data analysis was performed using the SPSS Version 19.0 (IBM, Armonk, NY, https:// www.ibm.com/us-en/) and STATA Version 11.0 (STATA, College Station, TX, http://www.stata.com/) statistical software.
RESULTS
Patient Characteristics
Between October 2010 and September 2014, 74 patients were registered from 7 centers. Patients' characteristics are listed in Table 1 . All 74 patients were analyzed for efficacy and safety. Fifty-three patients (71.6%) completed one course and 21 patients (28.4%) completed two courses. Eleven patients got infection at entry of the study and 14 patients got infection during the study. Patients were on stable doses of cyclosporine, keeping the target trough blood level of cyclosporine to 200-300 ng/ml throughout the study.
MSCs Identification
MSCs were plastic-adherent and were evaluated for morphology in phase contrast microscopy, observing their typical fibroblast morphology (Fig. S1 in the Supporting Information Appendix). MSCs consistently (>92%) expressed the surface markers CD73, CD90, and CD105 and were negative for CD34, CD45, and CD19 ( 
Hematologic and Immunologic Responses
At 1 year, the ORR was 28.4% (n 5 21; 95% confidence interval [CI], 19%-40%). The CR rate was 6.8% (n 5 6; 95% CI, 3%-16%), and the PR rate was 21.6% (n 5 15; 95% CI, 13%-33%; Table 2 ). Figure 1 shows the follow-up of the blood cell counts and the percentage of CD4 1 CD25 1 FOXP3 1 regulatory T (Treg) cells of all patients at baseline and at 0.5, 1, 3, 6, 9, and 12 months after MSC transplantation. Compared with the baseline, the improvement of leukocytic linage and megakaryocytic linage was significant (p < .05).
Bone Marrow Cellular Response
Bone marrow aspiration and bone marrow biopsy specimens were assessed for cellularity. In all patients with hematologic response, ten patients had normalization of cellularity followed for more than 1 year (Fig. 2) .
TTR
The median TTR of leukocytic linage was 19 days (range, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The median TTR of erythrocytic linage was 17 days (range, 12-25). The median TTR of megakaryocytic linage was 31 days (range, 26-84).
OS and Clone Evolution
The median follow-up among survivors was 17 months (range, ; the 2-year OS rate was 87.8% (95% CI, 73.0%-95.7%; Fig. 3 ).
Responders were all alive at the follow-up endpoint. Nine patients died, all of whom were SAA patients. Three patients had progression to myelodysplasia (one with refractory anemia with excess blasts (RAEB)-I, two with RAEB-II). The median progression time was 11 months (range, [8] [9] [10] [11] [12] . Two patients developed clonal cytogenetic abnormalities at 8 and 12 months, respectively. Others had normal karyotype through the study. Chromosome 7 abnormalities developed in one patient; another patient developed complex karyotype.
Safety
Seven patients got fever (five with grade 1 and two with grade 2), two of them complicated with grade 1 headache. All seven patients underwent hemoculture examination, and the results were negative. No other adverse events were observed in the study. At the follow-up endpoint, nine patients died. One patient with RAEB-II died of disease progression, two patients died of intracranial hemorrhages, and six patients died of serious infection.
Response Predictors
We confirmed that ATG used in previous treatment and no infection throughout treatment were predictors for response (responders vs. Fig. 4 ).
DISCUSSION
There are no standard therapies for AA refractory to IST and ineligible for HSCT. A second course of ATG plus cyclosporin, alemtuzumab, eltrombopag, and supportive care is usually recommended. For refractory AA, the response rate for rabbit ATG was 33% and 37% for alemtuzumab (humanized anti-CD52 monoclonal antibody). The 3-year survival was 60% for rabbit ATG and 83% for alemtuzumab [20, 21] . Olnes et al. reported that 44% of refractory AA patients had a hematologic response in at least one lineage at 12 weeks for eltrombopag, an oral thrombopoietin mimetic [22] . More than half of patients still have no or minor response to these above therapies. Moreover, expensive medical costs, toxicity, relapse, and clone evolution are also formidable problems. BM-MSCs are bone marrow stroma cells capable of multipotential differentiation that constitute the hematopoietic stem cell niche [23] , so MSCs play an important role of supporting hematopoiesis. Moreover, MSCs possess powerful immunosuppressive properties. BM-MSCs from AA patients show the same phenotype characteristics but decreased viability and proliferation and O c 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by increased adipocytic differentiation [24, 25] . BM-MSCs from AA patients increase the production of hematopoietic inhibitors such as tumor necrosis factor-a (TNF-a) and interferon-g (IFN-g) and suppress Treg cells expansion through reduced transforming growth factor-b [26] . Millar et al. reported that mice given 9-10 Gy of total body irradiation died of bone marrow failure 10-14 days after exposure. Intravenous administration of MSCs improved survival in irradiated mice [27, 28] . Normal murine MSCs impair activated dendritic cell through Toll-like receptor 4, resulting in the decrease of secretion of hematopoietic inhibitors such as TNF-a and IFN-g [29] . Several studies have reported that MSCs can induce the generation of Treg cells [30, 31] . Several studies about MSCs combined with allogeneic HSCT for severe AA reported that MSCs contributed to hematopoiesis recovery and reduction of GVHD [32] . Based on the above research, MSCs infusion maybe a promising method for AA. In our previous study, BM-MSCs infusion was an effective treatment for AA, with a 30% response rate [15] . In Fouillard et al.'s [13] report, bone marrow stroma of the patient improved but not hematopoiesis. This might be attributable to the sample size. Moreover, the status of that patient is different from our reported patients. The abnormal inflammatory microenvironment of the patient with severe infection might have impacted the effect of MSCs. Different microenvironments can lead to divergent immunogenicity of MSCs [33] . Human MSCs exhibit broadspectrum antimicrobial effector function mediated by indoleamine 2,3-dioxygenase [34] . In inflammatory microenvironments, MSCs were consumed by excess inflammatory cytokines, and improvement of hematopoiesis was impaired. This was confirmed in our study. Most patients with infection had no response to MSCs. Multivariate logistic regression analysis showed infection was the most important predictor for response.
MSCs have long been reported to be associated with hypoimmunogenicity [35] . This property is thought to enable MSC transplantation across MHC barriers. However, recent studies show allo-MSCs generate antibodies and immune rejection, suggesting that MSCs may not actually be immune privileged. MSCs do not persist following infusion [36] . Mice that received syngeneic erythropoietin-MSCs (EPO-MSCs) had a persistent increase in hemoglobin, whereas those that received allogeneic EPO-MSCs had a transient increase in hemoglobin followed by a return to baseline [37] . A randomized comparison trial of allogeneic versus autologous BM-MSCs injected in endocardium in patients with ischemic cardiomyopathy showed that autologous but not alloMSCs were associated with an improvement in the 6-minute walk test and the Minnesota Living With Heart Failure Questionnaire (MLHFQ) score [38] . Infusion of allo-MSCs can induce immune memory and stimulate innate immune responses [39] . Furthermore, a complement is engaged on human MSCs' surface, and MSCs are injured by the complement after their contact with serum [40] . Nevertheless, so many successful reports of allo-MSCs exist. Allo-MSCs successfully cure diseases, including GVHD, arthritis, lupus, Crohn's disease, myocardial infarction, stroke, acute lung injury, cirrhosis, multiple sclerosis, and amyotrophic lateral sclerosis [41] . Whether rejection of donor MSCs influences the efficacy of allo-MSCs therapies is not known. According to the existing studies on MSCs, immunologic properties, and living animal experiments, we consider allo-MSC's impact effect of cell therapy. It's a pity that we didn't carry out further genetic analysis to explore the effect with the MSC's donor derivation.
Compared with the TTR of 3-6 months of immunosuppressive agents, such as ATG and cyclosporine, MSCs have much shorter TTR within 1 month. Analogous phenomenon emerged in MSCs for other disease. The mechanism of fast action is not known. We only know that MSCs cannot persist following infusion. The duration of allo-MSCs was within 20 days [42] . For AA, short TTR may contribute to lower risk of serious infection and hemorrhage.
In several factors, we found the efficacy of MSCs was correlated with ATG therapy. Marsh et al. reported the mechanism of AA refractory to ATG, mainly including that the pathogenic mechanism is not immune mediated, and extreme HSC exhaustion and inadequate immune suppression persist [43] . We consider in patients refractory to ATG that the first two factors may more contribute to AA, and MSCs could provide supplement for IST.
Most studies show that MSCs infusion is safe. There is no obvious severe adverse event connected with MSCs. In our study, there were only seven patients with transient fever and headache; no other adverse events connected with MSCs were observed. Now, a majority of tracing studies on MSCs reveal that MSCs persist within 20 days in mice in vivo [42] . It seems to accommodate with the TTR. Because MSCs could not be implanted forever, longterm adverse events appear unlikely.
Wei et al. reported that cytomegalovirus (CMV) infects MSCs in culture in vitro [44] . The increased chance of virus infection caused by MSCs infusion may be concerning. In our study, there were no patients infected with CMV or Epstein-Barr virus after MSCs infusion. We consider that MSCs infusion without large doses of immunosuppressive agents may not increase virus infection.
Clonal evolution occurs in 10%-15% of patients with AA; this is more frequent in patients with severe, refractory AA [45] . In our cohort, three patients had progression to myelodysplasia (one with RAEB-I, two with RAEB-II). Abnormal karyotype was detected in two of them. Other patients with or without response did not undergo clonal evolution by means of cytogenetic analysis. BMMSCs didn't increase the clonal evolution opportunity.
CONCLUSION
Taken as a whole, the response rate of MSCs to AA refractory to IST was comparable to other methods. MSCs have the significant advantage of safety and costs. Our study strongly indicates that it is a promising therapy of MSCs infusion to AA, but the donor alternative, improvement of MSCs properties through improved culture in vitro, and doses of MSCs need to be further studied. Improved MSCs may optimize maximal therapeutic potential.
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